Aerosols affect the Earth's radiation balance directly and cloud microphysical processes indirectly via the activation of cloud condensation and ice nuclei. These two effects have often been considered separately and independently, hence the need to assess their combined impact given the differing nature of their effects on convective clouds. To study both effects, an aerosol-microphysics-radiation coupling, including Goddard microphysics and radiation schemes, was implemented into the NASA Unified Weather Research and Forecasting model (NU-WRF). Fully coupled NU-WRF simulations were conducted for a mesoscale convective system (MCS) that passed through the Niamey, Niger area on 6-7 August 2006 during an AMMA special observing period. The results suggest that rainfall is reduced when aerosol indirect effects are included, regardless of the aerosol direct effect. Daily mean radiation heating profiles in the area traversed by the MCS showed the aerosol (mainly mineral dust) direct effect had the largest impact near cloud tops just above 200 hPa where short-wave heating increased by about 0.8 K day −1 ; the weakest long-wave cooling was at around 250 hPa. It was also found that more condensation and ice nuclei as a result of higher aerosol/dust concentrations led to increased amounts of all cloud hydrometeors because of the microphysical indirect effect, and the radiation direct effect acts to reduce precipitating cloud particles (rain, snow and graupel) in the middle and lower cloud layers while increasing the non-precipitating particles (ice) in the cirrus anvil. However, when the aerosol direct effect was activated, regardless of the indirect effect, the onset of MCS precipitation was delayed about 2 h, in conjunction with the delay in the activation of cloud condensation and ice nuclei. Overall, for this particular environment, model set-up and physics configuration, the effect of aerosol radiative heating due to mineral dust overwhelmed the effect of the aerosols on microphysics.
Introduction
It is well known that aerosols are a critical factor in the atmospheric hydrological cycle and radiation budget. Aerosols affect weather and climate in many ways, both as a major agent for cloud formation and through the extinction of solar radiation. Aerosols have a direct effect on how long-wave and short-wave radiation are absorbed and scattered in the atmosphere and consequently the heating in the atmosphere and at the surface (Carlson and Benjamin, 1980; Fouquart et al., 1987; Ackerman and Chung, 1992; Li et al., 2004; Zhu et al., 2007; Russell, 2008, 2009; Mallet et al., 2009; Stanelle et al., 2010) . Atmospheric heating and cooling at the Earth's surface caused by the absorption of aerosols are hypothesized to have significant climate impacts, especially mineral dust aerosols, which are a critical absorbing constituent in many places, including North Africa . Perturbations in atmospheric heating can modulate atmospheric dynamics and thus cloud-precipitation formulation. Lau and Kim (2006) proposed an elevated heat pump hypothesis. They found that anomalously high concentrations of absorbing aerosols during the pre-monsoon season are associated with anomalous warming associated with increased heating of the upper troposphere over the Tibetan Plateau in April-May and subsequent increased rainfall over the Indian subcontinent and decreased rainfall over East Asia in June-July. Most of the previous studies on the impact of aerosols on radiation were directed at climate or seasonal effects; there was no study examining the impact on mesoscale convective systems (MCSs), which have relatively short life spans of 2-3 days. Recently, Chen et al.(2010) developed a tracer model based on the Weather Research and Forecasting model (WRF) to study the effects of dust/radiation on the modification of the Saharan Air Layer (SAL) and its environment, which can influence tropical cyclone (TC) activity over the Atlantic Ocean. Dust processes due to advection, boundary-layer mixing, cumulus mixing, dry sedimentation, and dust-radiation interaction were included in their model. They found that dust-radiation interactions mainly warmed the dusty layer between 750 and 550 hPa, which increased the vertical wind shear south of the SAL where easterly disturbances and TCs usually occur. However, their modelling study did not consider moist deposition nor aerosol-microphysics interactions such as the impact of dust on the formation of ice crystals. Johnson et al.(2008) suggested that the magnitude of short-wave radiation effects was sensitive to the vertical distribution of aerosols, especially the vertical distribution of absorbing aerosols. This heating in turn changes the atmospheric stability and thereby convective and turbulent motions as well as cloud formulation.
On the other hand, these same aerosols also often serve as cloud condensation nuclei (CCN) in the formation of cloud droplets as well as ice nuclei (IN) in the formation of ice particles. As a result, aerosols acting as CCN and IN exert considerable influence on the microphysical properties of both warm and ice clouds. Recent research efforts have led to notable progress in our understanding of their microphysical properties and the factors that enable them to act as CCN and IN and therefore the indirect effect on cloud formation (Levin and Cotton, 2009; Tao et al., 2012) . However, the various mechanisms behind these effects, in particular the ones connected to precipitation, are not yet well understood, especially in MCSs with their relatively short 2-3 day life cycles. There have been many numerical studies on the effect of aerosols on the dynamics and microphysics of individual deep convective clouds and cloud ensembles Levin and Cotton, 2009; Tao et al., 2012) . Levin and Cotton (2009) concluded that simulations of aerosol-cloud interactions should be done at the appropriate scale so that the development of cloud supersaturation, droplet activation, and growth processes are resolved. In most studies, convective invigoration accompanied by an increase in the amount of supercooled water at higher levels has been reported with increasing aerosol concentrations. Regarding the effects on precipitation, increased precipitation with increasing aerosol concentration was reported in simulations of maritime convective clouds and clouds developing in a moist subtropical atmosphere. For more continental/drier conditions, however, decreased precipitation with increasing aerosol concentration has been reported . Tao et al.(2012) also stated that it is also commonly held that a clean environment with a low CCN concentration produces fewer droplets of larger size due to greater condensation and collectional growth as compared to a high CCN environment. There have been many three-dimensional (3-D) simulations using a mesoscale model like the PSU/NCAR Mesoscale Model (MM5) (Lynn et al., 2007) and WRF Khain et al., , 2010 as well as cloud-resolving models or CRMs Li et al., 2008 Li et al., , 2009 . As shown in table 3 of Tao et al.(2012) , these simulations used either a two-moment bulk scheme or a spectral bin model (SBM) as described in Khain et al.(2004) , which is very computing intensive and requires substantial computer resources. The recent modelling study by Smoydzin et al.(2012) showed that the presence of mineral dust can increase the formation of ice crystals and shift the spatial and temporal precipitation pattern while the impact of mineral dust acting as giant cloud condensation nuclei on precipitation was found to be small. They also found the presence of mineral dust did not change the total amount of precipitation much. However, none of these studies included the direct effect of aerosols on radiation. Rosenfeld et al.(2008) suggested that aerosol radiative and microphysical effects on weather systems have usually been considered separately and independently and that there is a need to study them together given the opposing microphysical and radiative effects aerosols have on deep warm-base convective clouds. Bangert et al.(2012) used a non-hydrostatic model with both aerosol radiative and microphysical effects to simulate a strong Saharan dust event over western Europe and found that mineral dust particles had a significant impact on clouds between the freezing level and the level of homogeneous freezing but a much smaller impact on cloud droplet number concentration. They also concluded that the magnitude of the temperature change due to the aerosol direct radiative effect was enough to explain a systematic bias in numerical weather prediction during the event.
The African Monsoon Multidisciplinary Analysis (AMMA, http://amma-international.org/) project is an international research programme that aims to improve our knowledge and understanding of the West African Monsoon (WAM) and investigate its variability and influence on the regional water resources (Lebel et al., 2009) . Detailed meteorological descriptions for the AMMA field experiment have been given by Janicot et al.(2008) and Ruti et al.(2011) . These are the most detailed measurements ever performed in this region. One of the key issues was to investigate MCSs and their linkage to WAM variability. MCSs typically provide the majority of precipitation over West Africa during the WAM (June-September) (Le Barbé and Lebel, 1997; D'Amato and Lebel, 1998; Laurent et al., 1998; Mathon et al., 2002; Redelsperger et al., 2002; Fink et al., 2006) . Numerical weather prediction models have usually performed poorly in re-producing the characteristics of the WAM (Ruti et al., 2011) . The synoptic situation in the AMMA area is dominated by the WAM between July and mid-August (Parker et al., 2005; Nicholson, 2009) . The onset of the WAM in the region usually starts with a latitudinal shift of the intertropical convergence zone (ITCZ) from 5
• N to 10 • N. Typically, there is a strong thermal gradient between the heated tropical and subtropical mainland over the Sahara Desert and the cooler Gulf of Guinea and South Atlantic Ocean. The confluence zone in the lower troposphere between this relatively cool, moist southwesterly flow and the hot, dry northeasterly flow from the Sahara is often called the intertropical discontinuity (ITD) or intertropical front (ITF) (Thorncroft and Haile, 1995; Huntrieser et al., 2011) . Historically, it has been extremely difficult to archive a good MCS simulation for this region as the initial and boundary conditions from the global analyses (e.g. National Centers for Environmental Prediction Global Forecast System (NCEP GFS) or ECMWF ReAnalysis (ERA-Interim)) covering this area are not as reliable as those covering other parts of the world. Penide et al.(2010) was able to simulate an MCS during the AMMA Special Observing Period (SOP) on 7-9 September 2006 using BRAMS (the Brazilian Regional Atmospheric Modelling System). In their study, the MCS was correctly situated in space but was 2 h too late. Powell et al.(2012) were also able to use WRF at high resolution to simulate cloud systems in the region during the summer of 2006. However, they only presented statistical results from their simulations and did not reveal how well the cloud systems were simulated in terms of timing and location.
This study describes the implementation of an inline coupling of aerosols, microphysics and radiation into a mesoscale modelling system as suggested by Rosenfeld et al.(2008) and the subsequent simulations conducted for conditions observed on 6-7 August 2006, which occurred during an AMMA SOP and are described briefly in section 2. A brief review of the National Aeronautics and Space Administration (NASA) Unified WRF (NU-WRF), the Goddard physical packages, the satellite simulators and the Goddard Chemistry Aerosol Radiation and Transport model (GOCART) in WRF-Chem is given in section 3. In section 4, details of the aerosol-cloud-microphysics-radiation coupling are discussed. In section 5, the model set-up and simulation designs are provided. In section 6, results from the high-resolution NU-WRF simulations are compared with in situ and satellite observations, including the observed reflectivities collected with the C-band, single polarization Massachusetts Institute of Technology (MIT) Doppler radar located in Niamey, Niger and the infrared (IR) brightness temperatures observed by Meteosat. The aerosol direct (radiation) and indirect (microphysics) effects on the MCS are also discussed in section 6. A summary and discussion are given in section 7.
Synoptic conditions during the AMMA SOP on 5-6 August 2006
As seen from the European Centre for Medium-range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim) data (Dee et al., 2011) , there was a strong 850 hPa confluence zone over northeastern Niger (around 12
• W and 20
• N) on 1800 UTC 5 August 2006 that persisted over the next 24 h (Figure 1 ). An extended, circular cloud band started forming in central Niger around 1800 UTC on 5 August before gradually moving southwestward. The cloud band became elongated with a northwest-southeast orientation around 0000 UTC 6 August. The MCS chosen for this study swept through southwestern Niger on 6 August 2006. The system was well organized with deep convective clouds accompanied by stratiform clouds and nonprecipitating anvil ice clouds. Meteosat images of IR brightness temperatures (Tbs) associated with the MCS (IR Tbs below −65
• C are highlighted in orange) every 6 h starting at 1200 UTC 5 August 2006 are shown in Figure 2 . The MCS passed Niamey, Niger from the east on the morning of 6 August and proceeded rapidly westward (∼15 m s −1 ) (Huntrieser et al., 2011) . After passing Niamey at ∼0830 UTC, the system entered the decaying stage before completely dissipating at 1800 UTC 6 August 2006 after moving out of Niger. The structure of this cloud band was characterized well by the MIT C-band radar at Niamey as well as the CloudSat and Tropical Rainfall Measuring Mission (TRMM) satellites.
The CloudSat satellite descended southeastward over the cloud band at ∼1341 UTC 6 August 2006, obtaining a northwest-southeast vertical cross-section of attenuating Wband radar reflectivity through the MCS. The vertical crosssection from CloudSat shows that the MCS had an anvil that extended on the order of around 400 km. As the MCS was propagating westward over the radar (Figure 7 ), it had a northwest-southeast orientation and exhibited clear leading and trailing anvils as seen in the CloudSat vertical cross-section (Figure 3 ). The overall cloud band expanded to over ∼500 km (12) (13) (14) (15) (16) (17) • N) in a north-south direction and over ∼300-400 km (around 0-4
• E) in an east-west direction with cloud tops reaching up to ∼13 km (Huntrieser et al., 2011) . Huntrieser et al.(2011) also mentioned that the height of the cold point tropopause was 16 km (∼100 hPa) while ECMWF wind analyses indicate that the core (maximum of 18 m s −1 ) of the African Easterly Jet (AEJ) was located slightly north of the cloud band, between 15 and 20 • N, at an altitude of between 700 and 500 hPa.
Brief review of NU-WRF and the GOCART in WRF-Chem

NASA Unified WRF (NU-WRF)
WRF is a next-generation mesoscale forecast model and assimilation system. The development of WRF has been a multi-agency effort led by the National Center for Atmospheric
Research (NCAR) with several National Oceanic and Atmospheric Administration (NOAA) and Department of Defense (DOD) partners. The model is designed to support research advancing the understanding and prediction of mesoscale precipitation systems. It incorporates advanced numerics and data assimilation techniques, a multiple relocatable nesting capability, and improved physics. WRF has been used for a wide range of applications, from idealized research to operational forecasting, with an emphasis on horizontal grids in the range of 1-10 km. Its spectrum of physics and dynamics options reflects the experience and input of the broad scientific community (Michalakes et al., 2004) . There are two dynamics solvers in the WRF Software Framework (WSF): the Advanced Research WRF (ARW) solver (originally referred to as the Eulerian mass or 'em' solver) developed primarily at NCAR and the Nonhydrostatic Mesoscale Model (NMM) solver developed at NCEP. Detailed documentation on WRF and the WSF can be found in Skamarock et al.(2008) . NU-WRF is based on WRF-ARW version 3.2.1 with the addition of several Goddard physics packages (microphysics, chemistry, radiation, and land-surface hydrology processes) and a real-time forecast system, which can be driven by initial and boundary conditions from global analyses like NCEP's GFS, NASA's GEOS5/MERRA (Goddard Earth Observing System model Version 5/Modern-Era Retrospective analysis for Research and Applications) and ECMWF's ERA-Interim and from mesoscale analyses like NCEP's NAM (North America Mesoscale) model. NU-WRF includes the following Goddard modules (Figure 4 (a)).
One-moment bulk microphysics scheme
The Goddard Microphysics scheme is the same as the one used in the Goddard Cumulus Ensemble (GCE) model and is mainly based on Lin et al.(1983) with additional processes from Rutledge and Hobbs (1984) . The Goddard microphysical scheme is a two-class liquid and three-class ice scheme with four different options: 3ICE-graupel, 3ICE-hail, and 2ICE (only cloud ice and snow) and warm rain only (no ice). Major features include: (i) the option to choose either graupel or hail as the third class of ice (McCumber et al., 1991) . Graupel has a relatively low density and large intercept (i.e. high number concentration) and hail a high density and relatively small intercept (i.e. low number concentration). These differences can affect not only the description of the hydrometeor population, but also the relative importance of the microphysical-dynamical-radiative processes; (ii) this saturation technique is basically designed to ensure that supersaturation (subsaturation) does not exist at a grid point that is clear (cloudy) and is one of the last microphysical processes to be computed, prior only to rain evaporation and snow/graupel/hail deposition or sublimation; and (iii) all microphysical processes (transfer rates from one type of hydrometeor to another) that do not involve melting, evaporation and sublimation, are calculated based on one thermodynamic state. Details of the Goddard microphysical scheme can be found in Tao et al.(2003) . Recently, the Goddard microphysics scheme has been modified to reduce overestimated and unrealistic amounts of cloud water and graupel in the stratiform region (Lang et al., , 2011 Shi et al., 2010) .
Long-wave (LW) and short-wave (SW) radiation schemes
The Goddard radiation schemes have been developed over the past two decades at NASA Goddard for use in general circulation models (GCMs), regional models and CRMs Suarez, 1999, 2001) . A few recent improvements were made to the Goddard radiation package before it was added into WRF: (i) the short-wave radiation code was optimized for computational speed (improved by a factor of 2); (ii) cloud optical properties were made to be consistent with the assumptions in the Goddard microphysics; (iii) stratospheric layers can be optionally added above the top model pressure level; and (iv) the aerosol direct effect on both long-wave and short-wave radiation has been accounted for.
Land information system (LIS)
LIS is a high-resolution land modelling and data assimilation system that integrates the use of advanced land surface models, high-resolution satellite and observational data, data assimilation techniques, and high-performance computing tools (Kumar et al., 2006) . LIS has been coupled to the ARW core, enabling (i) a coupled system to study land-atmosphere interactions, and (ii) an uncoupled system to prepare initial conditions by multi-year 'spin-up' integrations and data assimilation techniques (Kumar et al., 2007) . However, as the land surface impacts were not the goal of the current study, the land surface data provided by the ERA-Interim reanalysis data (Dee et al., 2011) were adopted in the numerical simulations directly and LIS was not utilized in this study.
Satellite data simulator unit
The Goddard Satellite Data Simulator Unit (G-SDSU) is an end-to-end multi-satellite simulator unit (Figure 4(b) ). It has six simulators at present: passive microwave, radar, visible-infrared spectrum, lidar, ISCCP (International Satellite Cloud Climatology Project) and broadband. The SDSU can compute satellite-consistent radiances or backscattering signals from simulated atmospheric profiles and condensates consistent with the Goddard microphysics. For example, it can generate estimates of retrieved microphysical quantities that can be directly compared with high-resolution satellite (i.e. TRMM and CloudSat) products. These simulated radiances and backscattering can be directly compared with satellite observations, establishing a satellite-based framework for evaluating the cloud parametrizations. This method is superior to the traditional method of validating models with satellite-based products, since models and satellite products often use different assumptions in their cloud microphysics (Matsui et al., 2009; Masunaga et al., 2011) .
GOCART in WRF-Chem
WRF-Chem is WRF coupled with chemistry; however, the name is often used to refer to just the chemistry part (including this study) because the chemistry portion must be run inside WRF and cannot be run independently. The model simulates the emission, transport, mixing, and chemical transformation of trace gases and aerosols simultaneously with the meteorology. The model is used to investigate regional-scale air quality, field programme analysis, and cloud-scale interactions between clouds and chemistry. The development of WRF-Chem is a collaborative effort among many research communities. The WRF-Chem model is released as part of the WRF modelling package and follows the same software structure as WRF. Details about WRF-Chem can be found at 'http://ruc.noaa.gov/wrf/WG11/'. In this study, only the GOCART portion of WRF-Chem was used, with all other chemistry modules turned off to speed up computation. The GOCART portion of WRF-Chem simulates major aerosol types, namely sulphate, dust, black carbon (BC), organic carbon (OC), and sea salt as well as precursor gas species (Chin et al., 2000 . GOCART results have been extensively evaluated with observations from field campaigns, ground-based networks, and satellites (e.g. Chin et al., 2004 Chin et al., , 2007 Ginoux et al., 2004; Kinne et al., 2006; Yu et al., 2008) , and have been widely used by many research groups and operational centres. The atmospheric sulphur cycle is simulated including gas species of SO 2 (emitted from anthropogenic, volcanic, and biomass burning sources), dimethylsulphide (DMS, emitted from ocean) and aerosol species of sulphate (formed from oxidation of gas species) and methanesulphonate (MSA, formed from DMS oxidation). Besides sulphate, other major aerosol types included in the model are dust (five different particle sizes), BC, OC, and sea salt (four different particle sizes). The model takes into account the atmospheric processes of chemistry, convection, advection, boundary-layer mixing, dry and wet deposition, and gravitational settling. Aerosol particle sizes from 0.01 to 10 μm are simulated with parametrized hygroscopic growth, which is a function of ambient relative humidity.
Aerosol-cloud-microphysics-radiation coupling
In general, aerosol effects on microphysics can be included in higher-order microphysics, such as two-moment or spectra-bin microphysics, through the production of cloud condensation nuclei (CCN) and ice nuclei (IN). This means that the number of 3-D microphysical prognostic parameters will be increased substantially. Therefore, when aerosol impacts are included in the microphysics of a CRM, it increases the computational burden. One goal of this study is to incorporate aerosol impacts into the Goddard one-moment microphysics scheme to account for the first-order effects, namely varying the drop number concentrations and the cloud-to-rain and ice-to-snow conversion rates, without substantially increasing the computational burden. When WRF-Chem/GOCART is activated and aerosol species are predicted every time step, the computing time roughly doubles, and the model output increases substantially. In NU-WRF, the Goddard microphysics and radiation schemes have been coupled with the aerosol fields forecast by GOCART in WRF-Chem to account for the aerosol direct (radiation) and indirect (cloud microphysics) effects. In the current coupling, all atmospheric parameters including aerosols and cloud hydrometeors are explicitly predicted on the same highresolution grid at every time step. Both CCN and IN are diagnostic parameters calculated from the WRF-Chem/GOCART-predicted aerosol mass concentrations in the Goddard one-moment microphysics scheme and are not advected by WRF's dynamic core. Wet deposition is handled within the GOCART/WRFChem module with a simplified parametrization using the model forecast precipitation. It is not handled explicitly by the cloud microphysics. Inside the Goddard microphysics scheme, for a given air temperature and supersaturation, CCN is calculated from the 14 aerosol species predicted by GOCART based on the Koehler curve (Koehler et al., 2006; Andreae and Rosenfeld, 2008) , while the concentration of ice nuclei (IN) is obtained following the approach of Demott et al.(2010) , which is
where T = 273.16 − T k , a = 0.0000594, b = 3.33, c = 0.0264, and d = 0.0033. T k is cloud temperature in degrees Kelvin. N i is IN number concentration (number/L). The term n aer>0.5 is the number concentration of aerosol particles with diameters larger than 0.5 μm. The cloud (ice crystal) number concentration is assumed to equal the CCN (IN) concentration. For those grids without a significant level of supersaturation, minimum numbers of cloud and ice crystals are used. The diagnostic cloud number concentration affects the cloud-to-rain auto-conversion rate based on Liu and Daum (2004) . The diagnostic ice crystal number concentration affects both the Bergeron process (ice crystal-to-snow conversion rate) and the growth of cloud liquid water to cloud ice due to deposition based on Lang et al.(2011) . Overall, having more atmospheric aerosols tends to suppress warm rain processes, increase supercooled water, increase ice crystals, suppress conversion to snow and thereby invigorate convection in a particular environment. In the Goddard LW and SW radiation schemes, all 14 GOCART aerosol species are used to calculate the aerosol optical thickness, single-scattering albedo and asymmetry factor to estimate dust-induced radiative heating Suarez, 1999, 2001 ). The aerosol size distributions are log-normal. The Goddard radiation schemes also account for the single-scattering properties of snow, graupel and rain.
Model set-up and simulation design
For the coupled GOCART simulations, double-nested domains were used with a horizontal grid spacing of 18, 6 and 2 km and corresponding grids of 391 × 271, 424 × 421 and 466 × 466 points for the outer, middle and inner domains, respectively ( Figure 5 ). The outer domain (D1 in Figure 5 ), which extends from the eastern Atlantic Ocean near the African coast to the Red Sea/Ethiopia and from northern Algeria to the central Congo, is large enough to contain most of the northern half of the African continent and most of the Sahara Desert while the inner domain (D3 in Figure 5 ) is large enough to cover the entire MCS passing through Niamey at relatively high horizontal resolution (2 km). A terrain-following vertical coordinate with 61 layers was constructed with resolutions of 5-10 hPa inside the planetary boundary layer (PBL) and 20-25 hPa above the PBL. Time steps of 36, 12 and 4 s were used in the outer and two nested grids, respectively. The Grell-Devenyi ensemble cumulus parametrization scheme (Grell and Dévényi, 2002) was used for the coarse outer domain. The cumulus parametrization scheme was turned off in the middle and inner domains while the Goddard cloud microphysics scheme was used in all three domains. The Goddard radiation scheme was used to provide LW and SW heating that interact with the atmosphere dynamic core. The PBL parametrization for this study was the Mellor-Yamada-Janjic (Mellor and Yamada, 1982 ; coded and modified by Dr Janjic for the NCEP Eta Model) level-2 turbulence closure model for the full range of atmospheric turbulent regimes. The surface heat and moisture fluxes (from both ocean and land) were computed from similarity theory (Monin and Obukhov, 1954) . The 'Noah' (from NCEP-Oregon State University-US Air Force-National Weather Service Office of Hydrologic Development) land surface model was used, which is based on Chen and Dudhia (2001) . It is a four-layer soil temperature and moisture model with canopy moisture and snow cover prediction. It provides sensible and latent heat fluxes to the boundary-layer scheme. The soil temperature and moisture were also initialized from the ERA-Interim global reanalysis data.
In this study, NU-WRF was initialized from ERA-Interim global reanalysis data (Dee et al., 2011) . ERA-Interim reanalysis data has a T255 horizontal resolution (∼0.7
• ) with 37 vertical levels. Time-varying lateral boundary conditions, also from the same reanalysis data, were provided at 6 h intervals. The model was integrated for 48 h, from 0000 UTC 5 August to 0000 UTC 7 August 2006. For GOCART, the global GOCART simulation driven by the Goddard Earth Observing System Data Assimilation System (GEOS DAS with output saved every 3 h) was used for the initial and time-varying lateral boundary conditions . In this simulation, the oxidant fields from a global chemistry transport model, part of the NASA Global Modeling Initiative (GMI: Rotman et al., 2001) were used to simulate the chemical processes related to aerosol formation. The coupled NU-WRF GOCART simulations were also driven by both anthropogenic and natural emissions, which were obtained from the emission database compiled for the global GOCART simulation (Chin et al., 2009) . The anthropogenic emissions of SO 2 , BC and OC are from Streets et al.(2004 Streets et al.( , 2009 ) and Bond et al.(2004) . Biomass burning emissions of SO 2 , BC and OC are from the Global Fire Emission Database version 3 (GFED v3: Mu et al., 2011) . Dust and sea salt emissions are calculated in the model using instantaneous surface winds, a predefined dust source map, and other surface conditions (Ginoux et al., 2001; Chin et al., 2003) . DMS is a natural precursor of sulphate aerosols. Its emission flux is based on a climatology distribution (Lana et al., 2011) and adjusted by the instantaneous sea surface temperature (SST). In order to study both direct (radiation) and indirect (cloud microphysics) aerosol effects, four different NU-WRF simulations (Table 1) were conducted with: (i) aerosol effects included in the cloud microphysics but not radiation 
Simulation results
IR brightness temperature, radar reflectivity and rainfall comparisons
Because the range of the MIT radar at Niamey was only 150 km, it is difficult to compare the model-simulated MCS, which stretches for almost 1000 km, with just the radar reflectivity data collected from Niamey. In order to obtain a more comprehensive comparison, IR Tbs from Exp. AM (i.e. the control experiment) were computed from the G-SDSU and then compared directly to the observed IR images (Figure 6 ). Overall, both the modelled and observed IR images show a well-organized MCS passing through Niamey on the morning of 6 August; however, the
(b2) observed images show a longer north-south extension while the simulated MCS has an elongated north-south cloud line behind the main cloud band. As seen in the observed IR images (Figures 2 and 6 ), the observed MCS reached its strongest intensity on the morning of 6 August 2006, as it was passing through Niamey. After the convective cloud band passed Niamey at around 0900 UTC 6 August, it started decaying and also became more northwest-southeast oriented as the southern half of the band moved slower than the northern half. On the other hand, the model-simulated MCS from Exp. AM reached its strongest intensity in the late morning when it was over Niamey, which indicates the MCS moved slower in the model. The simulated system also became more northwest-southeast oriented in the late morning of 6 August as convection further developed in the northern part of the overall band. Overall, the track of the simulated MCS was similar to that observed in the IR Tb images, except that the observed system passed through the region a few hours earlier than the simulated one. In Figure 7 , the predicted reflectivity (only results from Exp. AM are shown as all four experiments produced similar structures) is compared with the observed reflectivity collected with the MIT C-band radar at Niamey (13.49 • N, 2.17
• E) during the AMMA SOP (Guy et al., 2013) . The model produces a linear system as observed; however, reflectivities in the leading edge of the second (larger) cloud band are stronger than observations, and the orientation is more north-south as compared to the observed northwest-southeast. This is probably due to the fact that the observed MCS had started to decay by this time. The general morphology and structure is comparable though, with distinct clusters of convection along the line and the occurrence of secondary (decaying) convection behind the initial line.
Both predicted and observed echo tops reach to around 12 km in the convective region and around 10 km in the trailing stratiform region (Figure 7) . However, the predicted reflectivities are more intense (note the areas >40 dBZ, shown in red) and the leading edge more sharply defined in the simulations. Both the model-predicted and observed reflectivity patterns show two strong convective areas in the leading part of the cloud band and a long trailing stratiform region as indicated in both lower plots of Figure 7 . Due to the 150 km range of the MIT radar, the full extent of the trailing anvil region was not captured. The predicted IR Tbs and radar reflectivities as well as the 24 h-accumulated precipitation from the other experiments have a similar pattern and for conciseness are not shown here. Rainfall comparisons are rather difficult as there is no reliable rain-gauge network in the area. Therefore, the 24 h-accumulated precipitation derived from the MIT radar data at Niamey was adopted to provide a quantitative comparison with the model rainfall forecast. Following Guy et al.(2013) , reflectivities from the MIT radar were converted to rain rates (mm h −1 ) via a Z -R (reflectivity-rain) relationship. The rain values were then summed throughout the period of interest at each grid point. To find the area-mean accumulation, the total accumulated rain was divided by the area of the scan domain. Although there may be some uncertainties regarding the MIT radar estimates, it is the best estimate available for the observed rainfall in this area in the absence of a dense rain-gauge network. Details on the uncertainties in the precipitation estimates from the MIT radar can be found in Russell et al.(2010) . The dashed circle with a 150 km radius in Figure 8 is the same region covered by the MIT radar in Niamey. As seen in Figure 8 , both the model predictions and the MIT radar estimates show comparable precipitation amounts and two distinct bands of heavier rainfall (one north and one south of Niamey) inside the 150 km circle covered by the MIT radar. However, the model seems to have overpredicted the amount of rain in the southern band and also the area west of Niamey. Table 2 confirms the overprediction of rainfall by all four experiments. For comparison, rainfall estimates from TRMM were also used. Overall, Exp. Clean produced the best average rainfall forecast when compared to the rainfall estimates from Table 2 . (a) Domain-averaged 24 h-accumulated rainfall (mm) from the model experiments and TRMM and (b) area-mean simulated and observed 24 haccumulated rainfall inside the area covered by the MIT radar at Niamey. TRMM, while Exp. AM produced the best forecast as compared to the MIT radar at Niamey. Due to the coarse resolution (0.25 • ) of the TRMM rainfall retrievals, which cover a much larger area than the MIT radar, the model forecast rainfall output from the entire middle domain (6 km resolution) was used to compare against the TRMM rainfall (Table 2a) . A large portion of the area in the middle domain had little or no rain. This may be why the results from Exp. Clean were slightly better as compared to the TRMM rainfall retrievals. On the other hand, the comparison with the MIT radar was only for the area through which the MCS passed and was inside the radar range. Both the MIT radar and model output showed a lot of rainfall at most of the points inside the area. Table 2 shows that the comparisons could vary in different directions when different regions and different observed rainfall retrievals are used. Nevertheless, the aerosol indirect effect on microphysics reduced the amount of the area-averaged rainfall in Exps AM and AMR as compared to those in Exps Clean and AR even though the differences are rather small due to the fact that they were all mean values.
Impact of aerosol direct (radiation) and indirect (microphysics) effects
Due to the aerosol absorption of LW and SW radiation, aerosols can warm the atmosphere. Figure 9 shows the areaand 24 h-average heating rate due to LW and SW radiation within the area 1
• E to 6
• W and 12
• N to 16
• N through which the MCS passed. The 24 h-average heating rate was calculated from 0000 UTC 6 August to 0000 UTC 7 August, when the simulated MCSs passed through the area. In the model, the strongest SW heating exists in the layer between 250 and 150 hPa, indicating the strong absorption of SW radiation by cirrus clouds in the upper troposphere. The aerosol direct effect (mainly due to mineral dust) also had the biggest impact in the layer just above 200 hPa near the cloud tops, roughly increasing the SW heating by about 0.8 K day −1 at 150 hPa (dashed red and solid orange lines in Figure 9 ). This is consistent with the increase in cloud ice and other solid ice particles due to aerosols (Figure 10 ) above 300 hPa. Exp. AMR has the largest SW heating in the upper troposphere, slightly larger than Exp. AR, while Exp. AM shows only a minimal impact. This result agrees with the elevated heat pump hypothesis described in Lau and Kim (2006) . The aerosol direct effect also increased the SW heating slightly in the layer between 800 and 600 hPa, the level of the SAL, where the highest simulated dust concentrations were (Figure 11 ). There was virtually no impact due to the aerosol indirect effect (microphysics) as evidenced by the nearly identical SW profiles for the clean (solid red) and Exp. AM (dash orange lines) simulations (Figure 9 ). The strongest LW cooling occurred at around 150 hPa, near and above the cloud tops. The experiments without the direct effect (Exps Clean and AM) show a slightly larger peak cooling (by −0.3 K day −1 ) than those with the direct effect (Exps AR and AMR). Elsewhere in the rest of the column below the cloud tops (i.e. inside and below the cloud), the experiments with the direct effect (Exps AR and AMR) produced slightly stronger LW cooling than those without (Exps Clean and AM). The weakest LW cooling occurred in the layer between 250 and 200 hPa, just below where the strongest SW heating occurred; the experiments with the aerosol Figure 12 . Cross-section of model-predicted dust concentration (μg/kg of dry air, shaded area), total ice (ice+graupel+snow, g kg −1 , contours), and wind vectors along 13.75
• N from Exp. AMR at 1100 UTC 6 August 2006.
direct effect (Exps AR and AMR) produced more cooling in this layer than those without (Exps AM and Clean). A secondary minimum in the LW cooling profiles occurred at around 600 hPa just above the maximum aerosol/dust concentration in the lower troposphere. However, it is not clear why the direct effect induced by the presence of aerosols/dust resulted in more LW cooling below the cloud tops. One possible explanation is that the aerosols/dust altered the cloud structure and thereby the LW cooling. In a separate model experiment, the effect of clouds was removed in the radiation calculation (black lines in Figure 9 ). As a result, LW radiative cooling dramatically increased below and decreased near and above cloud tops. The cloud impact on LW and SW radiation was almost an order of magnitude higher than the aerosol impact. Average vertical profiles for all cloud hydrometeors (Figure 10 ), both liquid (cloud and rain) and ice (ice, snow and graupel), were also calculated for the same domain and time period as in Figure 9 . The difference between cloud droplets and raindrops is the size of the particles. In the Goddard microphysics scheme, cloud droplets are small liquid particles and are assumed to have virtually no fall speed. All of the experiments result in similar mean hydrometeor profiles as the one from Exp. Clean (Figure 10(d) ) with a moderate amount of ice between 150 and 300 hPa, a moderate amount of graupel and large amount of snow between 300 and 600 hPa, and a moderate amount of rain below 600 hPa. A closer analysis reveals that the aerosol indirect (microphysics) effect (Exp. AM, Figure 10 (a)) generally resulted in increased amounts of all hydrometeors except for a minor reduction in the amount of snow between 250 and 300 hPa and cloud between 700 and 900 hPa. The aerosol direct effect (Exp. AR, Figure 10 (b)) led to a slight decrease in warn rain below the melting level (∼600 hPa) and graupel between 400 and 600 hPa, a large decrease in snow between 250 and 600 hPa, and slight increases in snow above 250 hPa and ice and graupel above 400 hPa. When both the aerosol direct and indirect effects were taken into account (Exp. AMR, Figure 10 (c)), there was a decrease in the amount of warn rain below the melting level (∼600 hPa) and graupel between 400 and 600 hPa and a decrease in snow between 250 and 600 hPa similar to the results from Exp. AR. However, in Exp. AMR there is a much larger increase in ice and graupel above the melting level and snow above 250 hPa compared to Exp. AR, due to the inclusion of the indirect effect on microphysics.
Overall, when both direct and indirect aerosol effects are taken into account (Exp. AMR), mid-and low-level cloud decrease but high (cirrus) cloud increases slightly more than for the indirect effect alone (Exp. AM). When only the aerosol direct effect is activated (Exp. AR), there is a slight increase in high cloud but decrease in middle and low cloud. The results from Exp. AM show that when only the aerosol indirect effect is included in the model, more cloud (especially high and middle) stays in the atmosphere, resulting in less precipitation reaching the ground (as seen in Table 2 for Exp. AM). This agrees well with previous studies Tao et al., 2012) . The combined results from Exps AM, AR and AMR suggest that: (i) higher aerosol/dust concentrations result in more CCN and IN, increasing the amount of all non-raining hydrometeors because of the indirect effect on cloud microphysics; and (ii) the direct effect on radiation acts to reduce the amount of precipitating particles (rain, snow and graupel in the middle and lower cloud) and increase the amount of solid ice particles in the high (cirrus) cloud. These results also show increased amounts of ice particles (cloud ice) with increasing aerosol/dust concentrations (i.e. more IN) due to strong convection. To further examine the aerosol/dust effects on the cloud system, cross-sections were constructed (Figure 11 ) of the modelpredicted mean aerosol optical depth (AOD, per vertical layer depth). The cross-sections were taken between 12
• N and 16
• N at 1100, 1200 and 1300 UTC on 6 August 2006 from Exp. AR (Figure 11(a) ) and Exp. AMR (Figure 11(b) ). It is evident that aerosols/dust were first transported upward into the upper troposphere via the deep convection in the MCS ( Figure 12 ) and then spread upstream via the elongated anvil/stratiform cloud region as the system was moving from east to west. For brevity, only the results from Exp. AMR are shown in Figure 12 . This may explain the increase in cloud ice in the upper troposphere seen in Exps AM and AMR (Figure 10 ). Figure 13 shows cross-sections of model-predicted mean cloud hydrometeors between 12
• N at 0600, 0900 and 1200 UTC on 6 August 2006 from all four experiments. The MCS moved slower when the aerosol direct effect was activated (Exps AR and AMR) than when it was not (Exps AM and Clean). It is also clear that the indirect effect resulted in a more elongated anvil cloud as depicted by the blue contours in Exps AM and AMR (bottom panels of Figure 13 (a) and (c)) during the later stages of the MCS passage. Analysis of the cross-sections suggests that the aerosol direct effect has effectively delayed the onset of the precipitation event (also see the discussion for Figure 15 below) in this case. Lau and Kim (2006) , through their elevated heat pump hypothesis, suggested that the aerosol direct effect could affect the onset of precipitation in seasonal precipitation events (e.g. monsoons). Results from this study suggest that it could also be true for MCSs with a life span of 2-3 days. As the MCS moved slower in Exp. AMR due to the aerosol direct effect, the onset of CCN and IN production from the transport of aerosols/dust was also delayed by roughly 2 h (Figure 14 ) with higher IN concentrations coinciding with the passage of the main part of the system at around 33 h (valid at 0900 UTC 6 August 2006); the impact on CCN, however, was minimal. Figure 15 also reveals direct evidence of the delay in precipitation due to the aerosol direct effect. When aerosol effects were excluded (Exp. Clean, Figure 15(d) ), the leading edge of the MCS entered the area after 0000 UTC 6 August, the main part of the system at around 0600 UTC 6 August, and the trailing edge after 1500 UTC 6 August. When only the aerosol indirect effect was activated (Exp. AM, Figure 15(a) ), the delay in precipitation from the MCS was minimal. However, when the aerosol direct effect was activated regardless of the indirect effect (Exps AR and AMR) cloud hydrometeors increased between 1200 and 1800 UTC after having decreased before 1200 UTC (Figure 15(b) and (c)), which is consistent with the delay in the increases in CCN and IN concentrations shown in Figure 14 . The delay in the cloud system moving into the area also resulted in a roughly 2 h delay in precipitation produced by the MCS in the area judging from the width of the red colour-shaded area in Figure 16 (b) and (c).
Summary and discussion
In this study, an aerosol-microphysics-radiation coupling, using Goddard microphysics and radiation schemes, was successfully implemented into the NASA Unified WRF (NU-WRF). In order to study both the direct (in radiation) and indirect (in cloud microphysics) effects of aerosols, four different NU-WRF-GOCART (WRF-Chem) coupled simulations were conducted (Exps AM, AR, AMR and Clean) for an MCS system that passed through the Niamey, Niger area on 6-7 August 2006 during an AMMA special observing period. As noted previously, conducting a reasonable simulation of MCSs in this region has been difficult as the initial and boundary conditions from the global analyses (e.g. NCEP GFS or ERA-Interim) covering this area are not as reliable as those covering other parts of the world. This study did not set out to fine-tune the simulations to achieve the best possible simulation as compared to the observations. The main focus of this study was to test the newly-implemented aerosol coupling in NU-WRF and to study the direct and indirect effects on MCS-type systems like the one simulated in this study. Considering the results from this study, the following conclusions are drawn:
• Although only results from Exp. AM were shown, the G-SDSU-calculated IR brightness temperatures of the convective cloud bands simulated from all four experiments on 6 August 2006 were comparable to the observed cloud band (as evidenced in Meteosat IR images) in terms of the overall location, although the timing appears to be delayed by a few hours. The life cycle of the MCS was relatively well produced with a northwest-southeast oriented cloud band but suffered the same deficiency as reported in Penide et al.(2010) as the simulated system moved a few hours slower than the observed. A direct rainfall comparison is problematic as there is no reliable rain-gauge network in the area. Therefore, the 24 haccumulated precipitation amounts derived from the MIT radar data at Niamey and TRMM data were adopted to provide a quantitative comparison of the model rainfall forecast. The results show that the experiment with only the aerosol indirect (microphysics) effect produced the best average rainfall forecast as compared with the rainfall estimated from TRMM and the MIT radar at Niamey.
• The aerosol direct effect (mainly by dust) had the biggest impact in the layer just above 200 hPa near the cloud tops, roughly increasing the SW heating by about 0.8 K day −1 at 150 hPa. It also affected LW cooling. The layer just below the cloud tops and where the strongest SW heating occurs (i.e. around 250 hPa) had the weakest LW cooling. Starting in this layer and continuing down through the rest of the column, LW cooling is increased by the presence of aerosols/dust inside the cloud. However, it is still not clear why the direct effect via the presence of aerosols/dust increased LW cooling in the column below the cloud tops. One possible explanation is that the presence of aerosols/dust altered the cloud structure and therefore the LW cooling.
• The combined results from all four experiments suggest that (i) higher aerosol/dust concentrations result in more CCN and IN and a subsequent increase in the amount of all cloud hydrometeors because of the microphysical indirect effect; and that (ii) the aerosol direct effect on radiation acts to reduce larger precipitation-sized cloud particles (i.e. rain, snow and graupel) in middle and lower cloud layers and increase the amount of small ice particles in upper-level cirrus cloud layer. The results also show increasing amounts of ice particles (cloud ice) with increasing aerosol/dust concentrations (i.e. more IN) due to strong convection. This agrees with past studies Tao et al., 2012) . • Aerosols/dust were first transported upward into the upper troposphere via the deep convection within the MCS before being spread upstream via the elongated anvil/stratiform cloud region as the MCS was moving from east to west. This result may explain the increase in ice in the upper troposphere when the aerosol indirect (microphysics) effect was activated. The MCS moved slower when the aerosol direct effect was activated than when it was not. The results also show that the microphysics indirect effect resulted in a larger, more elongated anvil/stratiform cloud.
• Overall, when only the aerosol indirect effect was activated, the delay in precipitation from the MCS was minimal. However, when the aerosol direct (radiation) effect was activated regardless of whether the indirect effect was activated, precipitation from the MCS was delayed by about 2 h, consistent with the delay in the increases in CCN and IN concentrations. The estimated 2 h delay in precipitation also agrees with the assessment by Penide et al.(2010) . The results from this study suggest that the aerosol direct (radiation) effect could affect the onset of precipitation in MCSs with a life span of 2-3 days.
One of the goals in this study was to incorporate aerosol impacts into the Goddard one-moment microphysics scheme to take account for their first-order effects: namely, changing the raindrop number concentrations and cloud-to-rain and iceto-snow conversion rates without substantially increasing the computational burden. In this case-study, the aerosol indirect effect on CCN seems to be much smaller than on IN (Figure 14) . This could be because of the use of a one-moment bulk scheme in the current Goddard microphysics scheme. CCN were calculated from the aerosol species predicted by GOCART based on the Koehler curve and then only used in the auto-conversion of cloud droplets to rain drops. A two-moment bulk scheme with a more complete aerosol indirect effect is being implemented into NU-WRF. A wet deposition scheme consistent with cloud microphysical fields and with below-rain wash out and in-rain scavenging of aerosol species is also being developed for the Goddard microphysics scheme. Results will be reported in a future publication.
